Cells delayed in metaphase with intact mitotic spindles undergo cohesion fatigue, where sister 6 chromatids separate asynchronously, while cells remain in mitosis. Cohesion fatigue requires 7 release of sister chromatid cohesion. However, the pathways that breach sister chromatid 8 cohesion during cohesion fatigue remain unknown. Using moderate-salt buffers to remove loosely 9 bound chromatin Cohesin, we show that "cohesive" Cohesin is not released during chromatid 10 separation during cohesion fatigue. Using a regulated protein heterodimerization system to lock 11 different Cohesin ring interfaces at specific times in mitosis, we show that the Wapl-mediated 12 pathway of Cohesin release is not required for cohesion fatigue. By manipulating microtubule 13 stability and Cohesin complex integrity in cell lines with varying sensitivity to cohesion fatigue, we 14
Introduction 23
Cells delayed or arrested at metaphase with intact mitotic spindles undergo cohesion 24 fatigue, where sister chromatids separate asynchronously, while the cells remain in M phase 25 (Daum et al., 2011; Stevens et al., 2011) . Separated chromatids generated before anaphase likely 26 missegregate or form merotelic attachments that can result in aneuploidy and chromosome 27 breakage. While all cells can undergo cohesion fatigue when arrested at metaphase, the rate of 28 chromatid separation varies significantly within a population of cells and among different cell 29 types, even those closely related. Microtubule pulling forces are essential. Treatment of cells with 30
Nocodazole, a microtubule depolymerizer, completely eliminates cohesion fatigue in mitotic cells 31 arrested by treatment with the proteasome inhibitor, MG132, or by depletion of the SKA3 protein 32 (Daum et al., 2011) . 33
The Cohesin complex normally holds sister chromatids together from DNA replication until 34 anaphase (Michaelis et al., 1997) . The major structural elements of the Cohesin ring consists of 35 two Structural Maintenance of Chromosome proteins (SMC3 and SMC1) and cohesin complex 36 component RAD21 that closes the ring. These proteins intersect at three sites, referred to as 37 "gates." Cohesin gates may open during different stages of dynamic Cohesin-chromatin 38 interactions during the cell cycle. For example, Cohesin appears to load onto chromosomes via 39 the opening of the SMC3 and SMC1 hinge interface (Buheitel and Stemmann, 2013) and partially 40 through the SMC3 and RAD21 interface (Murayama and Uhlmann, 2015) . To release sister 41 chromatids from each other in mitosis in vertebrates, Cohesin complexes are removed from 42 chromosomes through two mechanisms. In early mitosis until metaphase, the 'prophase pathway' implicated in explaining why different cell lines show differential sensitivity to cohesion fatigue 104 during metaphase arrest (Liu et al., 2013a; Tanno et al., 2015) . For our studies, we used two 105 isolates of HeLa cells that exhibit strong differences in the rate of cohesion fatigue 106 (Supplementary figures 4A and 4B). One HeLa cell line, stably expressing histone H2B-GFP, 107 undergoes cohesion fatigue with an average time of approximately 340±127 min at metaphase, 108 while another HeLa cell line, stably expressing histone H2B-mRFP, undergoes cohesion fatigue 109 after an average of 130±55 min. We named these cell lines HeLa-Slow and HeLa-Fast, 110 respectively. We induced metaphase arrest by treating cells with MG132 or with ProTAME, a cell 111 permeant inhibitor of the Anaphase Promoting Complex/Cyclosome (APC/C) (Lara-Gonzalez and 112
Taylor, 2012; Sackton et al., 2014; Zeng et al., 2010) . 113
We measured total SGO1 levels in both HeLa-Fast and HeLa-Slow cells and compared 114 SGO1 levels by immunofluorescence in normal prophase, prometaphase or metaphase cells and 115 in cells arrested in metaphase for 6 h (HeLa-Slow) or 3 h (HeLa-Fast). From metaphase-arrested 116 cells, we selected fatigued cells and examined their SGO1 levels. In HeLa-Slow cells, SGO1 117 levels diminished from prometaphase to metaphase, but no further reduction in SGO1 levels 118 occurred with metaphase arrest for 6 h. Cells with separated chromatids showed no reduction in 119 SGO1 levels compared to normal metaphase-arrested cells (Supplementary figure 1D ). HeLa-120
Fast cells showed a similar trend during mitotic progression with SGO1 showing reduced levels at metaphase. In these cells, SGO1 levels were further decreased after 3 h of metaphase delay. 122
However, in cells that underwent cohesion fatigue during the 3 h metaphase delay, SGO1 levels 123 were equal to levels of normal metaphase cells (Supplementary figure 1E) . Thus, both cell lines 124 showed a reduction in centromere-associated SGO1 levels as the cells aligned their 125 chromosomes, but SGO1 did not appear to be altered during fatigue. Finally, comparison of total 126 chromosome associated SGO1 levels showed higher levels in HeLa-Fast cells than in HeLa-Slow 127 cells, the opposite that might be expected if SGO1 levels were a major determinant of resistance 128 to cohesion fatigue (Supplementary figure 1C) . 129
Inhibiting Wapl-mediated Cohesin release during early mitosis delays subsequent 130 cohesion fatigue. 131
We and others have previously shown that depletion of Wapl, which mediates Cohesin 132 removal during early mitosis, delays cohesion fatigue (Daum et al., 2011; Stevens et al., 2011) . 133
To extend these studies in a system where enhanced Cohesin binding to mitotic chromosomes 134 could be directly monitored, we used Hela cells stably expressing SMC1-GFP (Hou et al., 2007) 2017; Tedeschi et al., 2013) . When Wapl-depleted cells were arrested at metaphase, there was 142 a significant increase in time these cells take to undergo cohesion fatigue (Figure 2A ), confirming 143 that Wapl depletion causes increased chromosome association of Cohesin that in turn delayed 144 cohesion fatigue without affecting the total number of cells undergoing fatigue. As another 145 approach we manipulated a competitor of Wapl activity, Sororin, which is normally released from 146 chromatin by mitotic phosphorylation. A Sororin mutant (9A-Sororin) resists mitotic 147 phosphorylation and inhibits Wapl-mediated Cohesin release (Liu et al., 2013b) . As expected, 148 cells expressing the 9A mutant form of Sororin showed delayed cohesion fatigue compared to 149 cells expressing wild type Sororin ( Figure 2B) . 150
Inhibiting the Wapl pathway or locking cohesin gates after chromosome alignment at 151 metaphase does not inhibit cohesion fatigue. 152
The studies above show that inhibiting the Wapl-mediated Cohesin release during early 153 mitosis slowed cohesion fatigue. Inhibition of Wapl function before mitotic entry increased the 154 levels of salt-resistant Cohesin retained on chromosomes (supplementary figure 2A), and this 155 might fully account for delays in cohesion fatigue. However, it remained possible that Wapl 156 continues to function in opening Cohesin rings during metaphase arrest, contributing to cohesion 157 fatigue after chromosome alignment. We used two distinct approaches to test this possibility. Two 158 mitotic kinases, Plk1 and Aurora B are critical for the function of the Wapl. In our previous work, 159
we showed that chemical inhibition of Plk1 did not block cohesion fatigue, but in that study, the 160 rates of fatigue were not quantified (Daum et al., 2011) . Here we used ZM447439, an inhibitor of 161 Aurora B kinase to inhibit Wapl-mediated Cohesin release in HeLa-Slow cells after chromosome 162 alignment at metaphase. Treatment of these cells in early mitosis with 0.5 µM ZM447439 caused 163 significant defects in chromosome alignment, confirming inhibition of Aurora B kinase 164 (Supplementary figure 2B) . We added the inhibitor at 2.5 µM, a fivefold higher concentration, one 165 hour after release from Nocodazole to MG132 after most cells had aligned their chromosomes, 166 to avoid disrupting chromosome alignment. Then we tracked cells with tight metaphase plates at 167 the time of ZM447439 addition. The addition of 2.5 µM ZM447439 did not induce loss of 168 chromosome alignment in cells at metaphase, and did not delay cohesion fatigue ( Figure 2C ). 169
This finding indicated that the continued activity of Aurora B kinase in promoting Wapl activity in 170 metaphase cells does not promote cohesion fatigue in these cells. 171
The Wapl-mediated prophase pathway releases Cohesin by opening the SMC3-RAD21 172 interface or gate. As a stringent test of the role of the Wapl in cohesion fatigue we used three 173 HEK293 cells lines, each expressing a pair of Cohesin ring components tagged with FRB or FKBP 174 proteins that allows locking of SMC3-RAD21 gate, the SMC1-RAD21 gate, and the SMC1-SMC3 175 gate by the addition of Rapamycin (Buheitel and Stemmann, 2013) . We depleted endogenous 176
Cohesin proteins and induced expression of the siRNA-resistant fusion proteins. We used 177 chromosome spreads to confirm previously published work that locking the SMC3-RAD21 gate, Locking the other two gates showed no effect on cohesion fatigue assayed with chromosome 185 spreads. Identical results were found by live cell imaging (Supplementary figure 2E) . The results 186 obtained by locking gates before entry into mitosis reveal that gate locking was efficient, that 187 locking the SMC3-RAD21 gate mimicked Wapl depletion in blocking the cohesin removal during 188 prophase and prometaphase, and that Rapamycin-induced dimerization of SMC3-RAD21 in the 189 presence of Wapl was robust and could resist chromatid separation by spindle-pulling forces. 190
Next, we locked the Cohesin gates of Cohesin on chromosomes in metaphase after the 191 normal Wapl-mediated release of unprotected Cohesin during prophase and prometaphase. To 192 accomplish this, we first incubated mitotic cells with nocodazole for 12 h to allow Wapl-mediated 193 cohesin release to be completed ( Figure 2E These results indicated that the increased time spent in mitosis leads to a higher 227 propensity for cohesion fatigue. As a complimentary method to test this idea, we compared onset 228 of cohesion fatigue in cells that reach full metaphase quickly with those where chromosome 229 alignment is delayed. To increase the proportion of cells with alignment delays, we treated cells 230 with 1.5 uM S-Trityl-L-cysteine (STLC), an inhibitor of mitotic motor kinesin Eg5 (Skoufias et al., 231 2006 ). When we measured the time from full metaphase alignment to cohesion fatigue, cells with 232 the slowest alignment, and thus with longer times spent in prometaphase, showed faster cohesion 233 fatigue (Supplementary figure 3B) . 234
The Cohesin subunit SA2 is thought to promote cohesion specifically at centromeres 235 (Canudas and Smith, 2009 ). Unlike Sgo1 depletion where sister chromatids separate without 236 spindle pulling forces, depletion of SA2 caused increased interkinetochore distances only in the 237 presence of intact spindles (Kleyman et al., 2014) suggesting defective cohesion maintenance 238 rather than compromised cohesion establishment. If so, then depletion of SA2 should accelerate 239 cohesion fatigue. We investigated the consequences of SA2 loss using HCT116 cells in which 240 the STAG2 gene, which codes for SA2, had been deleted by homologous recombination 241 forces. Because SA2 helps to resist cohesion fatigue, we hypothesized that its release might 249 accompany fatigue. We analyzed chromosome fractions from HeLa cells by western blot before 250 and after fatigue but found no reduction in the amount of chromosome-bound SA2 after chromatid 251 separation ( Figure 3C ). 252
Modulating microtubule stability alters rates of cohesion fatigue. 253
Previously we showed that complete disruption of spindle microtubules blocked cohesion 254 fatigue, which indicated that spindle pulling forces were essential (Daum et al, 2011) . However, it 255 was unclear the degree to which the rate of cohesion fatigue might be sensitive to microtubule 256 dynamic turnover. To alter microtubule dynamics while maintaining intact spindles, we used 5 nM 257
Nocodazole and 1.5 nM Taxol, concentrations that slow but do not block progression of control fatigue can subsequently align near the metaphase plate. This is likely due to formation of 290 merotelic attachments of single kinetochores to microtubules from both poles and to microtubule-291 based ejection forces from the poles impacting chromatid arms. 292
Short delays at metaphase induce partial separation of chromatids at their kinetochores. 293
Chromatid separation in cohesion fatigue is progressive, initiating at the kinetochores then 294 advancing distally along the chromosome arms (Daum et al., 2011) . To evaluate the time-course 295 of chromatid separation after short delays, we tracked the interkinetochore distance between 296 sister chromatids in LLC-PK cells. We detected significant separation of kinetochores in cells 297 treated with MG132 for 3 h ( Figure 6A ) In most cells arrested for 3 h, sister chromatid arms 298 remained attached, but kinetochores were significantly separated with many showing separations 299 of more than 3 µm versus 1.75 µm in control metaphase cells and 0.7 µm in cells treated with 330 300 nM nocodazole ( Figure 6A , 6B and Supplementary figure 5A ). Like LLC-PK cells, HeLa-Slow cells 301 also showed increased interkinetochore distances when delayed at metaphase for 3 h 302 (Supplementary figure 5B) . To examine the dynamics of chromatid separation in detail, we used 303 live cell imaging to monitor metaphase-arrested LLC-PK cells expressing GFP-Topoisomerase 304
IIα. As anticipated from the analysis of fixed cells, live cell tracking showed wider average 305 distances between sister kinetochores in cells arrested at metaphase with MG132 for 3 hours 306 compared to untreated control cells or cells treated for only 1 hour (Supplementary figure 5C ). 307
Moreover, cells treated with MG132 for 3 h showed a significantly larger range of stretching 308 between sister kinetochores compared to cells treated for only 1 h. In metaphase of untreated 309 cells or cells treated with MG132 for 1 h, the average distance between sister kinetochores varied 310 over an average range of about 0.4 μm as sister kinetochores oscillated together and apart. In 311 contrast, cells arrested at metaphase for 3 h showed a range of stretching between sister 312 kinetochores of 1 μm or more ( Figure 6C ). Overall, moderate delays at metaphase cause 313 abnormal separation of kinetochores. 314
Partial separation of chromatids induces chromosome segregation defects. 315
Transient delays in anaphase onset after most chromosomes have aligned at the 316 metaphase plate often occur because one or more chromosomes lag in congression, even in an 317 unperturbed, normal mitosis. To examine the immediate impact of partial chromatid separation 318 that may occur during a transient delay, we arrested cells at metaphase, then released them into 319 anaphase. We arrested LLC-PK cells with 5 µM MG132 for 3 h. Cells were washed into fresh 320 medium without drug and then fixed 3.5 h later when most had entered anaphase. We examined 321 every cell that entered anaphase for lagging chromosomes, anaphase bridges or micronuclei 322 Nocodazole arrest at metaphase with an intact spindle for approximately 3 h. This finding is 330 consistent with the higher rate of anaphase defects in these cells compared with controls. We 331 also compared the accumulation of segregation defects in cells arrested at metaphase for 332 different durations. We treated LLC-PK cells with MG132 for 1 or 4 h, released them in fresh 333 medium and then evaluated the anaphases. In cells arrested for 1 h, 13% of the anaphases 334 To map the effects of short metaphase delays in greater detail, we used video microscopy. 346
To achieve metaphase delays of varying lengths, we treated cells with 10, 20 or 30 µM ProTAME. 347 ProTAME is a cell permeable inhibitor of the APC/C (Zeng et al., 2010) . ProTAME delayed cells 348 at metaphase in a dose-dependent manner for varying durations (Supplementary figure 6B) . 349
These ProTAME-induced metaphase delays were followed by three outcomes: 1) normal 350 anaphase and mitotic exit, 2) defective anaphase involving lagging chromosomes, anaphase 351 bridges, or micronuclei or 3) cohesion fatigue ( Figure 8A ). Cells delayed at metaphase for less Our data reveal that breaching of sister chromatid cohesion that accompanies cohesion 368 fatigue does not require release of core Cohesin ring components from chromatids. It also does 369 not appear to exploit a specific protein-protein interface in the Cohesin ring. More specifically, the 370
Wapl-mediated opening of cohesin rings is not required after metaphase arrest to separate sister 371 chromatids in cohesion fatigue. In contrast, loss of Wapl activity in early mitosis leads to increased 372 retention of Cohesin on metaphase chromosomes, which does inhibit subsequent cohesion 373 fatigue. Experimental manipulations that compromise Cohesin integrity in mitotic chromosomes 374 accelerate cohesion fatigue. Our studies demonstrate the dynamic tension of the mitotic spindle, 375 specifically the pulling forces acting on kinetochores is countered by the resistance of Cohesin 376 that holds chromatids together. The rate of chromatid separation in cells delayed at metaphase 377 yields a quantitative measure of these two antagonistic components. Our studies also reveal that 378 partially or fully separated chromatids can travel to the spindle equator. This competence for the 379 kinetochores of unpaired chromatids to congress to the metaphase plate was first described by 380 (Brinkley et al., 1988) . Finally, we show that in contrast to complete chromatid separation that 381 accompanies cohesion fatigue, even relatively short metaphase delays can result in partial 382 chromatid separation that lead to defects in chromosome segregation during the subsequent 383
anaphase. 384
In mitosis in vertebrate cells, most Cohesin is released from chromosomes through the 385 activities of mitotic kinases and the Wapl protein which act during early mitosis. Of the remaining 386
Cohesin that remains bound to isolated mitotic chromosomes, most can be released by treatment 387 with moderate levels of salt (Bermudez et al., 2012) . Although not proven, we speculate that the 388 functional or "cohesive" Cohesin that holds sister chromatids together reflects the minor, salt-389 resistant population. The precise molecular nature of Cohesin interactions with chromatin remains 390 a topic of research and debate. For sister chromatid cohesion, most models are variations on two 391 general modes of Cohesin/chromatin interaction termed "embrace" or "handcuff" models 392 (reviewed in (Skibbens, 2016) . Embrace models propose that both sisters are contained within Cohesin release in prometaphase, locking of individual gates of Cohesin complexes at metaphase 423 did not inhibit cohesion fatigue (Figure 2E ). This evidence suggests that neither the SMC3-424 RAD21, Wapl gate nor the SMC1-SMC3 and the SMC1-RAD21 gates are individually required 425 for cohesion fatigue. Because we cannot lock multiple gates at the same time, we cannot eliminate 426 the possibility that transient openings of multiple Cohesin gates contributes to cohesion fatigue. 427
In our previous study we showed, by siRNA depletion, that background Separase activity did 428 slightly affect the timing of cohesion fatigue but was not required (Daum et al., 2011) . This 429 evidence, along with our current Aurora B inhibition studies ( Figure 2C ) and gate locking 430 experiments suggest that the mechanism of cohesion fatigue is likely a novel, yet undiscovered 431 pathway of breaching sister chromatid cohesion. Thus, the phenomenon of cohesion fatigue 432 provides an additional tool to study the nature of Cohesin interaction with chromatin. 433
Our studies reveal that the amount of Cohesin retained on chromosomes dictates the rate 434 of cohesion fatigue. While Wapl activity is not required for cohesion fatigue, previous work showed 435 that siRNA-mediated depletion of Wapl decreased the rate and extent of cohesion fatigue (Daum 436 et al., 2011; Stevens et al., 2011) . We tested the idea that this was due to increased retention of 437 Cohesin on mitotic chromosomes by using HeLa cells stably expressing SMC1-GFP and showed 438 directly that cohesion fatigue is delayed in cells where mitotic chromosomes show enrichment of 439
Cohesin after Wapl depletion prior to mitotic entry. We also showed that expression of the Wapl 440 antagonist, Sororin, mutated to be resistant to removal by mitotic phosphorylation, also delays 441 However, our detailed analyses indicated the opposite, that transient metaphase delays increase 456 the incidence of segregation defects during anaphase (Figures 7 and 8) . The reason for this 457 discrepancy is not clear, but the previous reports used different cell lines and different 458 experimental conditions. Consistent with the previous studies, we found that very short 459 metaphase delays did not increase the chromosome segregation errors (Supplementary figure  460   6C ). Our results point to a critical threshold of metaphase arrest and accompanying kinetochore 461 separation that may be required before the delay becomes detrimental. In our experiments 462 increased kinetochore separation abrogates the normal back-to-back orientation of sister 463 kinetochores allowing greater chances for merotelic attachments of single kinetochores to both 464 spindle poles. Such merotelic kinetochore attachments have been shown to increase the 465 can manifest in several ways (Thompson and Compton, 2008) . As with the other errors, we 474 observe spontaneous cohesion fatigue in normal control cells at low frequency (data not shown). 475
Cells that undergo substantial cohesion fatigue with many separated chromatids are likely to die, 476 because separated single chromatids elicit spindle checkpoint signaling (Lara-Gonzalez and 477
Taylor, 2012), which promotes continued mitotic arrest and cell death. Even if they survive and 478 divide after delay, the progeny cells would have highly abnormal chromosome content and would 479 likely be inviable. In this study we also focused on less extreme circumstances, where shorter 480 delays at metaphase allowed sister chromatids to partially separate before anaphase onset 481 ( Figure 6 ). 482
Cohesin complexes contain one of two auxiliary "Stromal Antigen" components, SA1 or 483 SA2. In HCT116 and RPE1 cells, depletion of SA2 causes significant increases in lagging 484 chromosomes (Kleyman et al., 2014) . Furthermore, in HCT116 cells, knockout of the Stag2 gene, 485 which codes for SA2, does not strongly affect normal mitotic progression but may increase the 486 incidence of aneuploidy (Solomon et al., 2011) . We found that HCT116 cells lacking SA2 487 underwent faster cohesion fatigue compared to parental HCT116 cells ( Figure 3B ). However, it 488 does not appear that release of SA2 accompanies cohesion fatigue in normal cells, since 489 chromatin-associated SA2 does not decrease during metaphase arrest or after chromatid 490 separation ( Figure 3C ). Inactivating mutations in the Stag2 gene are correlated with aneuploidy 491 in some cancers (Solomon et al., 2011) . We propose that an increased propensity for full or partial 492 chromatid separation due to cohesion fatigue may contribute to aneuploidy in cells with mutations 493 in Stag2. 494
Previous studies suggested that cells prone to undergo rapid cohesion fatigue showed 495 Separase. However, we believe it is highly likely that these mechanisms may influence the 503 sensitivity and rates of cohesion fatigue in different cells and under different conditions. 504
Metaphase is a point of balance between microtubule-dependent pulling forces that 505 separate chromatids versus cohesive forces that hold chromosomes together. We show that 506 mitotic spindle microtubule dynamics affect cohesion fatigue, likely by modulating spindle-pulling 507 forces. Low concentrations of Taxol accelerate fatigue, while low concentrations of Nocodazole 508 slow it. Partial inhibition of Eg5 kinesin with STLC likely compromises overall spindle tension to 509 relax spindle-pulling force and slow cohesion fatigue (Figure 4) . These results highlight the roles 510 of robust and dynamic microtubules and sufficient spindle-pulling forces to separate sister 511 chromatids during cohesion fatigue. 512
While normally transient, metaphase can be delayed. Our data suggest that many factors 513 contribute to cell sensitivity to cohesion fatigue including the various canonical Cohesin 514 regulators. However, a complete understanding of the primary molecular mechanisms underlying 515 chromatid separation during cohesion fatigue remains unresolved and may reflect an incomplete understanding of sister chromatid cohesion. Future studies of cohesion fatigue may provide 517 insight into the nature of Cohesin complex-chromatin interactions. While complete chromatid 518 separation of many chromosomes will likely result in cell death or inviable progeny cells, complete 519 separation of one or a few chromosomes and/or partial chromatid separation may be an important 520 source of genomic instability that perpetuates the evolution of malignant cells in cancer. 521
Material and methods: 522
Cell culture and drug treatments: HeLa, LLC-PK, HCT116 and HEK293 cells were cultured in 523 flasks in DMEM-based media supplemented with 2 mM HEPES, non-essential amino acids 524 (NEAA), sodium-pyruvate, 1X penicillin-streptomycin (P/S, Corning, 30-002-CI) and 10% FBS. 525
Cells were maintained at 37°C in 5% CO 2 in a water-jacketed incubator. Cells were subcultured 526 every other day and were used within 6 months of thawing from liquid nitrogen. Unless otherwise 527 specified, drugs were applied at the following concentrations: Nocodazole: 330 nM, MG132: 25 528 µM, ProTAME: 25 µM, Rapamycin: 100 nM, ZM447439: 2.5 uM. All cell lines were routinely tested 529 for mycoplasma. HeLa cells, LLC-PK cells and HCT116 cells were mycoplasma free. The 530 HEK293 cells were found to be mycoplasma positive. Unfortunately, all the stock cultures, even 531 the earliest isolates at the laboratory of origin were found to be mycoplasma positive. We used 532 several approaches designed to cure the mycoplasma contamination, but these were 533 unsuccessful. 534
Chromosome/chromatin isolation: Subconfluent cultures of HeLa cells were treated with 535
Nocodazole for 12 -16 h, then mitotic cells were collected by shake-off. Cells remaining in the 536 flasks (interphase cells primarily in G2) were collected by trypsinization. Cells were centrifuged in 537 50 ml tubes at 200 Xg for 4 min and re-suspended in warm media at 1X10^6 cells/ml. 4x10^5 538 cells were aliquoted into 1.5 ml micro-centrifuge tubes and centrifuged at 200 Xg for 5 min. The For far red fluorescent detection, goat anti-rabbit, or anti-mouse (Azure biosystem, AC2128 and 558 AC2129) were used at 1:10000 at room temperature for 2.5 h. Blots were washed again 3 times 559 with PBST. For HRP detection blots were treated with Pierce West Pico reagent for 5 mins, then 560 captured by chemiluminescence with a Kodak 4000R Image Station. For far-red fluorescence, 561 membranes were imaged using an Azure c600 imaging system. Blot quantification was done 562 using the raw images with Metamorph Software (Molecular devices). 563
Chromosome spreads: Mitotic cells were washed with warm media by centrifuging at 300Xg for 564 3 min. Cells were suspended in 500 µl of warmed swelling buffer (40 % complete media + 60% 565 DI water). Samples were incubated in a 37°C water bath for 15-18 min. Swollen cells were fixed 566 by adding 1 ml 3:1 methanol: acetic acid, then incubated for 10 min. The cells were pelleted for 5 567 min at 250Xg, then washed with 1 ml fixative and pelleted once more. The cell pellets were 568 resuspended in 100-200 µl fixative, then 40-50 µl of cell suspension was dropped from a height 569 of 60 cm onto a 22 mm 2 coverslip that was cleaned with 95% ethanol and wiped with acetic acid. 570 paper. The lid was left off, and the coverslips were allowed to dry in the humidified chamber. Once 572 dried, coverslips were stained with DAPI (100 ng/ml) and SYBERGold nucleic acid dye (1:20000). 573
Slides were imaged with a Zeiss Axioplan II microscope using a 100X objective, Hamamatsu Orca 574 II camera and Metamorph software. At least 200 mitotic spreads were scored for each sample. If 575 an individual cell spread had more than 10 single chromatids, the cell was scored as fatigued. 576
Live cell imaging: Cells were grown in chambered cover glasses (Lab-Tek) for 24 h, then the 577 medium was changed to L-15 phenol red-free medium supplemented with P/S, NEAA and 10% 578 FBS. The surface of the medium was overlayered with mineral oil to reduce evaporation. For most 579 experiments, chambers were transferred to a Zeiss Axiovert microscope then imaged while using 580 an air-curtain heater to maintain the temperature at 37°C. Images were acquired every 7-10 min 581 images were acquired using 20X objective in a Nikon Ti microscope fitted with an OKOlab 586 environmental chamber. For each cell that entered mitosis, the intervals from nuclear envelope 587 breakdown (NEBD) to metaphase and to anaphase onset or cohesion fatigue were recorded. To 588 induce metaphase arrest, cells were treated with 25 µM MG132 or 25 µM ProTAME, and scored 589 as fatigued when approximately 10% of the chromosomes had undergone chromatid separation. 590
For high resolution cohesion fatigue imaging, LLC-PK cells constitutively expressing EGFP-591
Topoisomerase II alpha were grown on round 5mm glass coverslips in DMEM-based media to 592 densities between 60% and 80%. For control cultures exhibiting normal mitotic progression 593 DMSO was added to culture medium at 0.1%. To induce cohesion fatigue the 26S proteasome 594 inhibitor, MG132, dissolved in DMSO was added at 10 uM to experimental cultures which 595 resulted in a 0.1% DMSO concentration. Prior to image acquisition in order to improve 596 fluorescence capture and to remove the requirement for carbon dioxide pH buffering, media was 597 exchanged to phenol-free Leibovitz L-15 media with L-glutamine (Cat.# AT207-1L, VWR), 10 % 598 FBS, Penicillin, Streptomycin with or without MG132 as described above. Fluorescence images 599 of EGFP-Topoisomerase II alpha at 5 second intervals encompassing the entire cell volume 600 were acquired using the lattice light sheet microscope (LLSM) at Janelia Research Campus's 601 Advanced Imaging Center. Movies were prepared using Imaris software. 602 siRNA experiments: HeLa cells stably expressing SMC1-GFP were grown on chambered cover 603 glasses. Cells were transfected with Wapl siRNAs #1 GAGAGAUGUUUACGAGUUU; #2 604 CAACAGUGAAUCGAGUAA or universal negative control (Sigma catalog # SIC001) using RNAi 605
Max lipofectamine (Thermofisher catalog # 13778150). 48 h after transfection, live cell imaging 606 was done as described above. Only cells that showed a clear GFP signal on metaphase 607 chromosomes were included indicating significant depletion of Wapl. The elapsed time from 608 NEBD to metaphase and to chromatid separation was measured. 
